Hexagonal boron nitride (hBN) is an emerging layered material that plays a key role in a variety of twodimensional devices, and has potential applications in nanophotonics and nanomechanics. Here, we demonstrate the first cavity optomechanical system incorporating hBN. Nanomechanical resonators consisting of hBN beams with dimensions of 13.5 µm × 1.1 µm × 31 nm were fabricated using electron beam induced etching and positioned in the optical nearfield of silicon microdisk cavities. The resulting cavity optomechanical system has sub-picometer/ √ Hz sensitivity to hBN nanobeam motion, allowing observation of thermally driven mechanical resonances with frequencies of 4.6 and 23 MHz, and quality factors of ∼ 260 and ∼ 1100, respectively, at room temperature in high vacuum. In addition, the role of air damping is studied via pressure dependent measurements. Our results constitute an important step towards realizing integrated optoemechanical circuits employing hBN.
Integration of nanoscale photonic and mechanical resonators into cavity optomechanical devices 1,2 has enabled fundamental discoveries and applications spanning quantum information science [3] [4] [5] [6] [7] [8] [9] , sensing [10] [11] [12] [13] [14] [15] [16] , and optical signal processing [17] [18] [19] [20] [21] . Key to these breakthroughs is the ability of nanoscale cavity optomechanical devices to enhance the interaction between light and motion of mechanical resonators, and to provide sensitive transduction of this interaction via its effect on the response of narrow cavity optical resonances.
A natural application of cavity optomechanics is the study and manipulation of the mechanical properties of 2D materials 22, 23 , whose intrinsically nanoscale dimensions can make observing and controlling their mechanical motion challenging. It is these same properties that make 2D materials attractive for many applications of nanomechanics whose performance can be enhanced with a decrease in resonator mass 2 , for example molecule detection [24] [25] [26] . Recently, hexagonal boron nitride (hBN) has attracted considerable attention as a promising platform to study nanophotonic effects in 2D materials 27, 28 . hBN is a hyperbolic material that supports propagation of phonon polaritons, assisting in confining light to the deep sub-wavelength regime 29, 30 . Moreover, hBN is the only 2D material that has been observed to host ultra bright single photon sources that operate at room temperature 27, 31, 32 . It is therefore very attractive to develop optomechanical devices from hBN, for future interfacing of mechanical motion and individual quantum system within the context of applications in quantum sensing, quantum optomechanics and quantum information processing 13, 33 . In this work, we demonstrate the first application of cavity optomechanics employing hBN nanomechanical a) These authors contributed equally to this work. b) Electronic mail: pbarclay@ucalgary.ca resonators. hBN has optical properties that are beneficial for cavity optomechanics, including a large refractive index (n ∼ 1.8) and an electronic bandgap of ∼ 6 eV that corresponds to a transparency window spanning the entire visible and infrared range 34 . hBN can be exfoliated into flakes with thickness as low as a single monolayer, and their mechanical properties can be studied when these flakes are partially suspended [35] [36] [37] .
Recently, a top-down hBN patterning technique combining reactive ion etching (RIE) and focused electron beam induced etching (EBIE) was demonstrated 38 . Initial applications of this direct nanoscale patterning technique created photonic crystal cavities made entirely from monolithic hBN 39 . Here, we expand on this technique to create nanomechanical resonators from hBN that are integrated with silicon (Si) nanophotonic devices to realize a cavity optomechanical system. Thermally driven motion of the hBN mechanical resonator is readout via its interaction with a high optical quality factor (Q o ∼ 10 4 − 10 5 ) Si microdisk, allowing observation of mechanical resonances with quality factor Q m > 10 3 -among the highest reported for 2D materials at room temperature 40 , and exceeding previously reported values for hBN resonators [35] [36] [37] 41 . Figures 1(a -c) show a schematic illustration, as well as optical microscope and SEM images of the hybrid hBN-Si microdisk cavity optomechanical system studied here. The system consists of an hBN nanobeam with length l = 13.4 µm, width w = 1.1 µm suspended adjacent to a Si microdisk optical cavity of diameter 11.6 µm and thickness 220 nm. Note that the reported hBN thickness, although not directly measured here, was estimated during the fabrication process to be less than 50 nm, and is predicted from nanomechanics measurements presented below to be ∼ 31 nm. The hBN nanobeam is positioned within 160 nm of the microdisk edge, as measured using the SEM during fabrication, which is close enough for its fluctuations in position to perturb the microdisk optical response. The microdisk fabrication follows the process from Ref. 42 : it is patterned in the Si layer of a silicon-on-insulator chip using electron beam lithography and reactive ion etching, followed by HF undercutting to remove the underlying 3 µm of SiO 2 until the microdisk is supported by a thin SiO 2 pedestal.
The process for integrating an hBN mechanical resonator with the microdisk is summarized in Figs. 1(df). The electron beam lithography pattern used to define the microdisk creates a ring shaped trench surrounding the device over which an hBN nanobeam can be suspended. The first step in creating the nanobeam is to transfer an hBN flake with homogeneous thickness and high quality adjacent to the pre-fabricated microdisk using a dry PDMS stamp transfer technique ( Fig. 1(d) ). EBIE is then used to define a nanomechanical resonator separated by a 160 nm nanometer sized gap from the Si microdisk. During this process, a focused electron beam in the presence of water vapour induces selective chemical reactions with hBN, which leads to localized volatilization ( Fig. 1(e) ) 38 . Since EBIE is entirely chemically driven, this process does not destroy the adjacent Si microdisk as evidenced by the high optical Q o of the device presented below. Additionally, EBIE has no physical damage on the hBN nanobeam 39 . For further illustration of the fabrication process, SEM and optical images of a device before and after EBIE are shown in Fig. 1(g ). Optical microscope images reveal a colour change of the hBN flake due to the thinning process, which is associated with back-scattered electrons during the EBIE process 38 . This in-situ patterning technique allows the gap between the nanobeam and the microdisk to be finely adjusted. This is of critical importance, as large gaps between hBN resonator and Si microdisk prevent observation of optomechanical coupling.
Measurement of the optomechanical properties of the hBN-microdisk system was achieved using a dimpled optical fiber taper to couple light into and out of the microdisk 43 . In order to reduce damping of the hBN nanobeam's motion, measurements were performed in a vacuum chamber (base pressure, P ∼ 2 × 10 −5 Torr), inside of which nanopositioners (Attocube) were used to position the device and the optical fiber taper. Figure 2(a) shows a typical transmission spectrum of the fiber taper when it is coupled evanescently to the microdisk and input with a tunable laser. For this measurement the taper typically is in contact with the microdisk to ensure long-term stability of the coupling. Sharp dips in the transmission correspond to coupling to whispering gallery mode resonances of the microdisk, while broad low amplitude dips in transmission are related to wavelength dependent variations in the fiber taper transmission and laser output. A high-Q o resonance near 1531.7 nm was used in the following measurements to probe the optomechanical properties of the device, which is highlighted in Fig. 2(a) , and found to have Q o ∼ 88, 000 (see below). The dominant electric field polarization of this mode is along the radial direction (TE -like), as determined from the fiber taper input polarization that maximizes the resonance contrast.
Mechanical motion of the nanobeam was probed by fixing the input laser wavelength λ within the high-Q o resonance, and measuring the electronic power spectral density S vv (f ) of the photoreceiver output (New Focus 1811) as in Ref. 44 . A typical spectrum is shown in Fig.  2(b) . For frequencies f below a few MHz this spectrum is dominated by 1/f noise. However, near resonance frequencies f Fig. 2(b) . Note that other studies have reported lower Young's modulus, e.g. 392 GPa 37 , which could be related to differences in material quality or the presence of internal compressive stress. Using this lower Young's modulus in our simulations results in a predicted hBN thickness of 47 nm. The 2nd order vertical mode is not observed due to the odd symmetry of its displacement profile with respect to the x-axis (defined in Fig. 1(a) ) and the even symmetry of the microdisk mode intensity about this axis. As a result, the optomechanical coupling coefficient, G, which predicts the shift in λ o for a given mechanical displacement z, vanishes, resulting in nominally no cavity optomechanical transduction of the motion of this mode 15 . The lowest order horizontal mechanical mode is predicted to have f m = 131.87 MHz, and was not observed. This could be explained by its lower thermally driven amplitude (∝ 1/f 3 m ) owing to its high frequency. Note that this effect is also responsible for the low observed amplitude of the f (3) m peak. To confirm that the peaks are related to the hBN motion, their amplitudes were measured as a function of input laser detuning ∆λ = λ − λ o from the microdisk resonance wavelength λ o . This is shown in Fig. 2(c) for the 4.6 MHz mode, from which we see that the peak amplitude follows the slope of the cavity optical response:
2 , and that it is maximum when the laser is near the point of maximum slope. This behaviour is consistent with the sideband unresolved system studied here exhibiting predominantly dispersive optomechanical coupling between the hBN and the microdisk. Dominantly dispersive coupling is possible due to the low optical absorption of hBN at the operating wavelength, and is in contrast to the dissipative optomechanical coupling observed in highly absorbing graphene cavity optomechanics systems 22 . Note that the asymmetry in S vv (∆λ) is well predicted from the asymmetry in the lineshape of the microdisk resonance, which is shown in Fig. 2(c) , and arises from interference effects related to higher order modes of the fiber taper waveguide 44 as well a slight thermal instability in the microdisk 45 .
The measurement resolution of the cavity optomechanical system can be extracted from measured signal to noise ratio α of each thermomechanically driven peak using the expression s Ω m = 2πf m , k B is Boltzmann's contstant and T = 300 K is the device temperature 44, 46 . Here α is defined by the ratio of the resonance peak height S vv (f m ) to the measurement noise floor, and m eff is the predicted effective mass of the normal mode, as defined in Ref.
2 . From COMSOL simulations we find m eff = 317 and 245 fg for the 1st and 3rd order modes, respectively, assuming an hBN density of 2100 kg/m 341, 47 . Note that this anomalous decrease in m eff with mode order is related to the nanobeam's non right-angle clamping points and resulting trapezoidal shape.
The optomechanical coupling affects the measurement resolution through S vv ∝ G 2 , and can be optimized through the positioning of the nanobeam relative to the microdisk 15 . To assess G in our system, we implemented the calibration technique from Refs. 48, 49 which adds a known phase modulation to the input laser that is then transduced by the cavity into an optical intensity modulation. From the measured tone height relative to the area under nanomechanical resonance peak, we extracted G/2π = 0.4 MHz/nm. This is smaller than, but in reasonable agreement with, G/2π = 0.6 MHz/nm predicted from a perturbation theory calculations of the dependence of λ o on the nanobeam height 15 . This calculation was performed by evaluating the overlap of the microdisk mode intensity with the nanobeam dielectric, where finite difference time domain simulations (MEEP 50 ) were used to determine the azimuthally symmetric field (fundamental TE-like mode, azimuthal number m = 55, travelling wave field distribution) of the unperturbed microdisk. This calculation does not take into account the local field correction to the microdisk field by the nanobeam 51 , which may account for the discrepancy. Significant uncertainty can also arise from variation in the gap between the hBN nanobeam and the microdisk, as G depends exponentially on this parameter 15 .
From the data in Fig. 2(b) , which was obtained with λ tuned to maximize the signal, we find α = 2.59 and 0.21, for the first and third order modes respectively. From these we find s min xx = 0.47 and 0.29 pm/Hz 1/2 . An input optical power, P in ∼ 90 µW was used for these measurements, limited by the presence of optical bistability from two photon absorption in the Si microdisk 45 . As α typically increases with P in 44 , improved measurement resolution could be achieved using a microdisk fabricated from a material with better high power handling such as diamond 52 .
The properties of the hBN nanomechanical resonator were further probed by studying its dynamics as a function of vacuum pressure. Figures 3(a) and 3(b) show the observed dependence of Q m for the 4.59 MHz and 23.24 MHz mode, respectively. In each case, Q m (P ) is unaffected by pressure for P < 10 −1 Torr, taking a constant value Q vac in this pressure range. This indicates that air damping is not limiting Q m for the measurements reported above. At higher pressure, as shown by the fits in Figs. 3(a-b) , the pressure dependence of Q was well modeled by 1/Q m = 1/Q vac + 1/Q fmf (P ), where 1/Q fmf ∝ P describes the influence of free molecular flow damping [53] [54] [55] . Note that the relatively similar pressures at which Q m of the first and third order modes begin to degrade is in agreement with the analytically predicted dependence of Q fmf on mode frequency 54, 55 .
The mechanical frequencies of the hBN nanomechanical resonators were also observed to change with P , as shown in Figs. 3(c) and 3(d) . This pressure dependent shift can be caused by several mechanisms. For P 1 Torr, the shift follows ∆f 2 m (P ) ∝ P . This behaviour is consistent with a squeeze film spring effect observed in nanomechanical resonators when the oscillation period is smaller than the response time of the gas molecules trapped between the resonator and the substrate 56 . This effect requires that the air mean free path is sufficiently small for molecules to fill the gap between the resonator and the substrate. However, at P ∼ 1 Torr the mean free path of air is ∼ 40 µm, which is larger than the maximum dimension (∼ 16 µm) of the aperture defined by the gap between the nanobeam and substrate. This suggests that the vacuum chamber pressure in the vicinity of the device may be larger than measured by the pressure gauge, which is located near the turbo pump used to evacuate the chamber. Note that the chamber used here is a Montana Instruments Nanoscale Workstation nominally designed for low temperature operation.
Below P ∼ 0.1 Torr the frequencies of both modes also increase with pressure, although with a different pressure dependence. Similar behaviour was observed by Dolleman et al. where it was ascribed to stress induced by the local pressure differential experienced by the nanobeam caused due to restriction of air molecules from entering the volume between the nanobeam and the underlying silicon chip 56 . Finally, note that optical power dependent measurements of f m confirmed that local photothermal heating was not influencing the results reported here.
To conclude, we have experimentally demonstrated an hBN cavity optomechanical system, and have shown that hBN nanobeams support mechanical resonances with Q m exceeding 1000 at 23 MHz frequency in room temperature vacuum conditions. Our results are the first step towards integration of hBN as vital component of an integrated quantum optomechanical systems. Future experiments will be focused on optimizing the design of the hBN nanomechanical resonator and its integration with the optical cavity, implementation of fully integrated hBN cavity optomechanical devices, and measurement of hBN nanomechanical properties at cryogenic temperatures. Finally, integration of quantum light sources hosted by hBN crystals promises to enable new approaches for using optomechanics to interface with single photons.
